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Abstract 
Simulations using Ansys Fluent 6.3.26 have been performed to look into the adsorption characteristics of a single silica gel 
particle exposed to saturated  humid air streams at Re=108 & 216 and temperature of 300K.   The adsorption of the particle has 
been modeled as a source term in the species and the energy equations using a Linear Driving Force (LDF) equation. The 
interdependence of the thermal and the water vapor concentration field has been analysed. This work is intended to aid in 
understanding the adsorption effects in silica gel beds and in their efficient design. 
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1. Introduction 
Adsorption technology has been indispensible in engineering research fields such as refrigeration, cooling etc. 
This is because the compression means can be suitably substituted using adsorption technology. This increases the 
refrigeration effect or effectively the coefficient of performance. Other than these, adsorption has found extensive 
application in desalination/purification of drinking water. Shortage of clean potable water and the shortcomings in 
the conventional chemical treatment and filtration techniques have been a major problem in the developing countries 
[1]. Heavy metal ions which are non biodegradable such as Lead end up in the biological systems in substantial 
quantities surpassing the allowable safety limits [2], posing a serious threat to life. Many of the above application 
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have led to the advancement of adsorption technology which apart of being relatively inexpensive is also found to be 
efficient in many of the above applications. 
The theories developed on the basis of bulk experimental measurements are broadly classified into two 
categories– Physisorption and Chemisorption. In case of Physisorption, the adsorbate molecules are held in the 
pores of the adsorbent surface by Vander Waals forces while Chemisorption explains this attachment as covalent 
bonds between adsorbate and adsorbent molecules. Energy is released during the transition from the gaseous phase 
to the adsorbate phase and this is defined as the heat of adsorption. In the ideal case, due to the similarity with phase 
transition of a pure substance accompanied by release of latent heat, the heat of adsorption has primarily been 
determined for various adsorbate-adsorbent pair using the Clausius-Clapeyron equation, which assumes the gaseous 
phase to be ideal and the volume of adsorbed phase to be negligible. The isosteric heat of adsorption is calculated by 
integrating the Clausius-Clapeyron equation in the limit of low pressures. It has also been shown that incorporating 
the non ideality effects of the gaseous phase on the heat of adsorption produces results closer to those obtained from 
calorimetric measurements [3].    
There have been some arguments regarding the state of adsorbed phase which is assumed to be of monolayer 
thickness. The heat capacity of the adsorbed phase has been shown to be equal to that of the perfect gas state of the 
adsorbate [4], [5]. Several methods have been proposed for calculation of the adsorbed phase volume/state such as 
using chemical potential of the gaseous and adsorbed phases, Gibbs equation, the Dubinin-Ashtakhov isotherms etc. 
[6],[7]. 
One fundamental use of adsorption has been in solar driven cooling units. which use flash evaporation of saline 
water. The compression of the generated steam poses a serious problem as mechanical means are impractical due the 
high specific volume. A feasible alternative would be thermal compression through adsorption of steam. This is 
realized using adsorption beds with silica gel as the adsorbent. Presently silica gel beds are designed using 
adsorption data obtained from bulk measurements. However, these measurements do not provide any insight into the 
transient nature of the adsorption process. This transport kinetic coupling at varied time and length scales leads to 
adsorption characteristics that could be significantly different from the bulk measurements reported in the literature.  
This being of surmountable significance convection influenced adsorption has not been looked at in existing 
literature. In the present context, the concentration profile of the vapor phase (around the silica gel particle) and the 
adsorbed phase (near the surface of the silica gel particle) will provide further insight into the mechanism of 
adsorption which, eventually will lead to a better bed design.   
Nomenclature 
Rp radius of silica gel particle  
q  mass of water vapour adsorbed /volume of silica gel particle 
qeq equilibrium value of q,  when the particle is saturated 
R            universal gas constant 
T            temperature 
t             time 
θ            azimuthal angle measured from the axis of symmetry and the particle centre 
 
2. Modeling the adsorption effect 
 
The depletion of water vapor from the air stream is taken into account in the transport equations by introducing a 
species sink term. Also the heat of adsorption is incorporated as an energy source term in the energy equation. We 
have taken the Linear Driving Force (LDF) [8] and modified it as the species sink term –  
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                                                                                                             (1) 
where,                                          ,                                             ,   Def0=2.54e-4 m2/s, Ea=42 KJ/mol . The factor f, has 
been arbitrarily taken equal to 10 to speed up the computation time. The equilibrium uptake is taken as a fraction 
equal to 0.45 [8] of the total mass of the silica gel particle.  The heat source term is taken as – 
                                                                                                                                                                    (2) 
                                                     
    
where c is the isosteric heat of adsorption. The value is taken as 2800 KJ/Kg [3]. The heat released due to adsorption 
increases the particle temperature. Since the species sink is a function of temperature through the variable K, the 
water vapor uptake of silica gel changes and thus is a transient process till the equilibrium uptake is reached. Since 
adsorption is a surface phenomenon and the depth of penetration of adsorbate is not known, we have taken a very 
thin layer (1e-7m - about 1000 orders of the diameter of water molecule) around the silica gel particle where these 
two source terms are confined.  
3. Computational domain and solving procedure 
The flow field, water vapor concentration, and the temperature field around a single silica gel particle exposed to 
saturated humid air stream have been simulated. We have constructed a domain around the particle which comprises 
of two cylindrical sections (Fig 1). We have considered axisymmetry and only the upper half of the domain has been 
shown.  The larger section (length- 14mm, radius- 4mm ) which is open to atmospheric conditions contains the silica 
gel particle in the centre. The smaller section acts as the air inlet pipe (length-5mm, radius -0.5mm) to the larger 
section at the right hand bottom corner.  
 
The domain has been meshed using Gambit 2.4.6. A thin layer (thickness – 1e-7m) has been constructed around 
the particle surface. The water vapor sink term and the energy source term are confined to this layer. Refined mesh 
has been constructed in the proximity of the particle. Coarse mesh has been provided for the particle interior. The 
simulation has been run on Ansys Fluent 6.3.26. A transient, axisymmetric model has been chosen. The fluid in the 
domain is initially taken as dry air. Wall boundary and pressure outlet conditions have been provided as shown in 
Fig1. Pressure velocity coupling has been chosen as SIMPLE. Second order upwind scheme has been used for 
discretization of momentum, species and energy. Pressure discretization has been done using Standard scheme. The 
solver is implicit and the time step chosen is 0.01s. The species sink term has the functional form of the LDF 
equation and the heat source term is taken proportional to the species source. Both of these are incorporated in 
Ansys Fluent 6.3.26 using user defined functions. 
 
4. Results and discussions 
 
    The velocity, temperature and the water vapor concentration fields have been provided. As previously mentioned 
there is temperature dependence of the water vapor sink term. This leads to a coupling between the temperature and 
the concentration fields. Analysis has been done for two different Reynolds number Re=108 (inlet air 
velocity=1m/s) and Re=216 (inlet air velocity=2m/s). The inlet air stream is saturated with water vapor at T=300K, 
and the initially the domain and the particle have been kept at 300k. So the temperature gradient set up is only due to  
the heat released by adsorption. The domain fluid is initially dry air. When the saturated humid air enters the domain 
a concentration gradient is set up between the near and the far field. Both the mass sink and the heat source terms 
have been activated from t=2s. So upto t=2s, the scenario is same as the flow around a sphere without heating. This 
gives enough time for the flow field and the concentration field to reach steady state till the start of adsorption. Two 
time instances have been analysed – t=1.9s (when source terms are not activated, and flow field is steady) and at 
t=200s. 
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Fig.1 The domain chosen (top) and the grid used (bottom). 
 
 
From Fig.2 (Re=108) and 3 (Re=216) we can see that the far field streamlines are bunched closer for Re=108 . 
This implies that the convection effect is strongest near the particle for Re=216. However the far field will be 
supplied with water vapor more rapidly for Re=108, or in other words even if there is higher concentration in the 
particle vicinity for higher Re, the case with the lower Re will contain more water vapor further away from the 
particle. As will be seen subsequently this is exactly the case. For the two time instances – t=1.9s when there is no 
heating due to adsorption, and t=200s when adsorption is active, there is not much differences in the flow field 
implying that the velocity field set up due to natural convection (due to release of the heat of adsorption) is 
negliglible compared to the convection. So velocity field does not contribute much to bring about changes in the 
concentration fields between the two time instances.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2 Contours of stream functions at t=1.9s (left) and at t=200s (right) at Re=108. 
660   A. Sanyal et al. /  Energy Procedia  49 ( 2014 )  656 – 665 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3 Contours of stream functions at t=1.9s (left) and at t=200s (right) at Re=216. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4 Contours of temperature at t=200s for Re=108 (left), and Re=216 (right). 
 
 
Fig.4 shows the temperature fields at t=200s for the two Reynolds numbers. For both cases the far field upstream 
does not get heated at all. However the thermal diffusion is greater upstream for Re=108 than for Re=216. The 
highest particle temperature occurs for Re=108. The particle vicinity temperature being higher for the former 
(Re=108) indicates higher adsorption. This is further supported from the concentration field as will be seen 
subsequently. The thermal stratification effect is also more pronounced for Re=108. 
 
The dominance of diffusion for the lower Re case is also evident from Fig.5 which shows the thermal boundary 
layer around the particle. Four positions have been chosen on the particle surface. The azimuthal positions - θ=0 and 
θ=180 degrees, correspond to the forward and backward stagnation points. Two intermediate positions have also 
been chosen - θ=45 and θ=135 degrees. For the front stagnation point and the θ=45 degree position the temperature 
profile reaches the free stream temperature (300K)  indicating that the heat of adsorption is unable to diffuse 
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Fig.5 Thermal boundary layer at 200s for a) Re=108 and b) Re=216 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6 Temperature profile along at 0.01mm from the surface for a) Re=108, and b) Re=216 
 
in the far field upstream, which is consistent with our previous observation. For the two Re cases, the diffusion is 
pronounced for Re=108 than for Re=216 as for the latter θ=0 and θ=45 degree positions attain free stream 
temperatures at smaller radial distances than for the same two positions for Re=108. A plot of the temperature 
(Fig.6) close to the particle surface (at a distance of 0.01mm from the surface) shows gradual increase in 
temperature from forward to  backward stagnation point. This fact along with the one established from the 
temperature contours plots firmly states higher adsorption and lower water vapor concentration downstream. 
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                                                                                   Fig.7 Transient uptake curve  
 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8 Contours of molar concentration of water vapor at t=1.9s (left) and at t=200s (right) at Re=108. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Files must be in MS Word only and should be formatted for direct printing, using the CRC MS Word provided.  
 
 
Fig.9 Contours of molar concentration of water vapor at t=1.9s (left) and at t=200s (right) at Re=216 
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Fig.10 Magnified view of the water vapor concentration around the particle for Re=108(left) Re=216 (right)  
 
A transient uptake curve (mass of water vapor adsorbed vs. time) is shown in Fig 7. The effect of adsorption is 
diffusion dominated. The diameter of the particle (d=2mm) is taken as an appropriate length scale of the problem 
and the inlet flow velocities (U=1m/s and 2m/s) for the two Reynolds numbers are taken as velocity scales for the 
two cases. For the first case the diffusion time scale comes out to be (t=d/U=0.002s). This is the time for a patch of 
fluid to cross the particle. This time scale is small compared to the adsorption time scale. So the water vapor 
depleted from the vicinity of the particle is compensated from the far field. Also the due to strong convection there 
is a continuous supply of water vapor. So for higher Reynolds number the concentration will be higher near the 
particle surface. This is clearly reflected in Fig.8 (Re=108) and Fig.9 (Re=216).  From the figures we can see that 
while the near field concentration is higher for Re=216, the diffusion into far field is lower for the same. 
  
From the water vapor boundary layer (Fig.11 and 12), we see that there is higher concentration as one moves 
further away from the particle surface for θ=0 in all the cases. This is expected as θ=0 corresponds to the forward 
stagnation point. Along that line the concentration of water vapor decreases as diffusion occurs more and more from 
the incoming saturated stream till it hits the particle surface. Adsorption on the surface is already depleting the water  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.11  water vapor concentration boundary layer at a) 1.9s and b) 200s at Re=108 
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Fig.12  water vapor concentration boundary layer at a) 1.9s and b) 200s at Re=216 
 
 
vapor there. To counteract that, water vapor has to diffuse streamwise. Cross stream diffusion being much more 
dominant than streamwise diffusion, the depletion of water vapor from the surface is not quite compensated at the 
forward stagnation point. The two downstream positions θ=135 and θ=180 degrees, fall in the flow separation 
region or the recirculation zone. Especially for the backward stagnation point θ=180 degrees, the water vapor supply 
from the free stream occurs due to the vortices downstream. The major bulk of the fluid is convected further away 
from the θ=180 point. Also as observed earlier, the adsorption is strongest at that point since particle surface 
temperature is highest there. So the concentration increases outward. At θ=45 degrees there is initial increase 
outwards to the far field and then the concentration gradually decreases to the free stream value. This is explained by 
the fact that upto the initial increase cross stream diffusion dominates over streamwise convection. However from 
the turning point convection dominates and water vapor concentration starts decreasing. 
 
5. Conclusions 
 
   The effect of single silica gel particle adsorption on the flow, temperature and the concentration fields in the 
vicinity of the particle and the far field have been analyzed numerically. Two cases have been looked into -  flows 
with Re=108 and Re=216. The foremost difference between the two is the dominance of the thermal and species 
diffusion for the former. Higher particle temperature occurs for the former and since the temperature and the species 
equations are coupled, higher adsorption effects are seen in the case of Re=108. There is also higher diffusion into 
the upstream far field for Re=108 in both thermal and water vapor fields. A similar feature for both the cases is the 
gradual increase of particle surface temperature from the forward to the backward stagnation points. This implies 
higher adsorption or in other words higher depletion of water vapor downstream. This work has revealed useful 
insights into the effects of adsorption in the species and thermal field around a single silica gel particle exposed to a 
saturated humid air stream and can be utilized to predict the effects of the one particle adsorption on those of 
neighbouring particles ie. efficient understanding of interparticle adsorption which will aid in better design of silica 
gel beds. As a next step, experiments will be conducted to corroborate with the numerical results. 
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